dehydrogenase did not exchange with [99Mo]molybdate, demonstrating that the observed incorporation depended on the demolybdo forms of the enzymes. We conclude that molybdate may be incorporated into the demolybdo forms both in vivo and in vitro; some unknown additional factor or step, required for active enzyme formation, occurs in vivo but not in vitro under the conditions employed.
The in vitro reconstitution of several molybdoenzymes from their inactive demolybdo forms have been found to require the addition of a lowmolecular-weight molybdenum-containing component. Nason et al. (7, 13, 14) demonstrated that nit-1 mutants of Neurospora crassa accumulated an inactive form of nitrate reductase which was activated in vitro either by extracts of nit-2 or nit-3 mutants of N. crassa or by a low-molecular-weight fraction produced by acid treatment of several molybdoproteins. Similarly, inactive demolybo forms of nitrogenase from Azotobacter vinelandii (12) and of sulfite oxidase from rat liver (5) were activated by molybdenum-containing cofactor preparations derived from different sources including purified molybdoproteins. Molybdate ions would not replace the molybdenum cofactor except in the case of sulfite oxidase where a small, unstable portion of the demolybdoenzyme was activated by the free ion (6) . The for a molybdenum-containing cofactor in the activation process. Recently Pienkos et al. (15) have demonstrated that at least two distinct types of molybdenum cofactors can be prepared which specifically activate the demolybdo forms of different types of molybdoenzymes.
In Escherichia coli, nitrate reductase and formate dehydrogenase are molybdoprotein components (2, 21) of a membrane-bound, anaerobic electron transport pathway (4, 16, 17) . When E. coli was grown in the presence of tungstate, inactive forms of both enzymes accumulated and the active enzymes were formed in the absence of protein synthesis when the tungstate-grown cells were incubated with molybdate (18, 20 Assay procedures. Nitrate reductase was assayed by using reduced methylviologen as the electron donor as previously described (19) . One unit of enzyme is defined as the amount of enzyme necessary to produce 1 timol of nitrite per min. Formate dehydrogenase was measured by using dichlorophenolindophenol reduction mediated with phenazine methosulfate (17) . All enzyme assays were performed at 37°C.
Protein content was estimated in some cases from the turbidity of cell suspensions (9) or was determined by using the Folin phenol reagent (10) .
Polyacrylamide gels. Polyacrylamide gels at pH 8.9 were prepared essentially by the procedure of Davis (1) . To study heat-released membrane proteins, 7% acrylamide gels were used with stacking gels as previously described (20) . The procedure to demonstrate detergent-released, membrane proteins utilized 5% acrylamide gels with 0.1% (wt/vol) Triton X-100 in gels and buffers (18) . Bromophenol blue was used as a tracking dye.
Nitrate reductase activity was located on gels by the bleaching of reduced methylviologen in the presence of nitrate (11) (Fig. 1) . No nitrate reductase activity was formed in the extract, whereas essentially normal levels of the activity were formed in the cell suspension upon incubation with molybdate. In contrast, 99Mo was incorporated both in vitro and in vivo into components which migrated on the gels similarly to nitrate reductase activity. The profile of 93Mo in the in vitro sample appeared somewhat broader than that in the in vivo sample, but the total radioactivity in the peak fractions was essentially the same. The samples applied to the gels contained essentially equal amounts of protein ( Fig. 1) , and the total radioactivity found in the peak fractions was 276 cpm for the in vivo sample and 267 cpm for the in vitro sample. Some 99Mo was located at the top of each gel, but no other significant peaks of "Mo were observed.
These results suggested that molybdate was incorporated into the demolybdo form of nitrate reductase in a crude extract without the appearance of nitrate reductase activity. However, this finding could be explained in several different ways. First, molybdenum incorporation into the demolybdoenzyme may occur directly from molybdate, but some additional step may be required for the formation of activity and this step may not occur in crude extracts under the conditions employed. Second, molybdenum incorporation may occur normally in the crude extract with the formation of active nitrate reductase, but nitrate reductase may be unstable in the crude extract under the conditions of the 60-min incubation. A third more trivial explanation is that, because the nitrate reductase is the major protein released by the heat treatment (11) 15 ,000 lb/in2; whole cells were removed by centrifugation for 5 min at 10,000 x g. Then the crude extract was incubated under the same conditions as the cell suspension. After the incubation, the bacteria of the cell suspension were fractured in the French press and centrifuged as in the preparation of the crude extract. The membrane fractions of both samples were prepared and heat treated, and the release proteins were run on polyacrylamide gels as previously described (11, 20 bWhere indicated, the samples were incubated for 60 min with 1 mM sodium [99Mo]molybdate and 1% glucose under argon at 37°C. ' Membrane proteins were prepared and fractionated by ammonium sulfate after treatment with deoxycholate as previously described (18 The ammonium sulfate fractions described in Table 1 were subjected to electrophoresis on 5% polyacrylamide gels containing 0.1% Triton X-100. Gels were divided on a Gilson gel fractionator, and radioactivity was determined to assess the association of 9Mo with formate dehydrogenase and nitrate reductase as well as with their inactive forms (Fig. 3) . Duplicate gels were stained with Coomassie brilliant blue (Fig. 4) . The fraction prepared from cells grown on [9Mo]molybdate yielded three radioactivity peaks on the gel (Fig. 3A) . Two of the peaks corresponded to nitrate reductase and formate dehydrogenase activities, as determined on parallel gels, as well as to two of the major bands visualized on the gels stained for protein (Fig.  4A ). Considerable radioactivity remained at the top of the gel, and an additional peak of radioactivity was observed toward the bottom which could not be correlated with any specific protein band. The gel from the fraction prepared from incubated, tungstate-grown cells (Table 1) contained less radioactivity but exhibited peaks which corresponded to the same three peaks, with little activity remaining at the top of gel (Fig. 3B) . Quantitatively, the two peaks corresponding to the enzymes appeared to contain approximately 25% of the radioactivity found on a gel displaying proteins from the control cells. Only a small amount of radioactivity was associated with the rapidly migrating component corresponding to the peak seen in the [99Mo]-molybdate-grown cells. The fraction prepared from the incubated extract of the tungstategrown cells (Table 1) contained still higher levels of radioactivity in the two peaks corresponding to formate dehydrogenase and nitrate reductase, even though little of either enzyme activity was present in this fraction (Fig. 3C) . There was no radioactivity associated with a faster migrating peak in this case.
These results demonstrated that in crude extracts [99Mo]molybdate was incorporated into proteins which migrate on gels to positions which correspond to nitrate reductase and formate dehydrogenase. Because other proteins which stain with Coomassie brilliant blue were present on these gels (Fig. 4) and had no associated radioactivity, the incorporation of 99Mo occurred specifically into the demolybdo forms of these enzymes. Although their mobilities were similar, neither the radioactivity peaks nor the Coomassie brilliant blue bands from the tung- Polyacrylamide gels stained with Coomassie brilliant blue. Unstained gels identical to gels A and E were stained for formate dehydrogenase and nitrate reductase as previously described (18) , and the corresponding protein bands are indicated for formate dehydrogenase (F) nitrate reductase (N). Gels A through E correspond to the preparations for Fig.  3A through E, as described in the legend to Fig. 3. state-grown cells and the extracts from these cells appeared to correspond precisely to the same bands in the control cultures ( Fig. 3 and  4) .
To determine whether the two molybdoenzymes can exchange their molybdenum with [9Mo]molybdate under the conditions which resulted in incorporation into the demolybdoproteins, a control culture grown in L-broth was incubated with [99Mo]molybdate both in cell suspension and in crude extract (Table 1) . Only very small amounts of radioactivity were associated with the peaks corresponding to the formate dehydrogenase and nitrate reductase in the cell suspension, although a rather large amount of the faster running peak of radioactivity was found during the incubation (Fig. 3) . In the cell extracts, essentially no radioactivity was associated with any of the pertinent components, although significant amounts of enzyme activity (Table 1 ) and the corresponding Coomassie brilliant blue-staining bands (Fig. 4E) were present in the fractions. Whether the direct incorporation of molybdate into the demolybdoproteins represents a normal step in the assembly of nitrate reductase and formate dehydrogenase cannot be ascertained at the present time. Many previous studies with other molybdoproteins have focused on the formation of active enzymes and have demonstrated generally that small-molecular-weight molybdenum cofactors are required for the activation of the demolybdoenzymes in vitro, while molybdate is ineffective (7, 12, 14) . These cofactors have invariably been isolated from molybdoproteins or from crude extracts which presumably contain molybdoproteins, and no reports of de novo synthesis of the molybdenum cofactors from molybdate have appeared. However, Jones et al. (6) demonstrated that molybciate activates in vitro a fraction of the demolybdosulfite oxidase accumulated by tungstate-fed rats and that molybdenum is incorporated during that process. The in vitro incorporation of molybdenum observed here may be similar to that process, although no enzyme activity is formed. The results presented here suggest that the normal pathway of assembly of molybdoenzymes may involve the sequential addition of molybdate and other small-molecular-weight components, such as nonheme iron and sulfide, and leave open the possibility that molybdenum cofactors are products of molybdoproteins rather than their normal biosynthetic precursors.
